Solar and interplanetary magnetic fields and plasmas by Wilcox, J. M.
i 
Space Sciences Laboratory 
-University of California 
Berkeley, California 94720 
Distribution of t h i s  document i s  unlimited. 
Solar and Interplanetary 
Magnetic Fields and Plasmas* 
John M. Wilcox 
Technical Report on 
ONR Contract Nonr 3656(26) 
Project No. NR 021 101 
Par t i a l  support from NASA Grant MsG 243 
Series No. 8, Issue No. 70 
Reproduction i n  whole or  i n  part  i s  permitted for  
any purpose of the United States Government. 
"Invited paper delivered at XI11 General Assembly, 
International Astronomical W o n ,  Prague, August, 1967. 
September 20, 1967 
https://ntrs.nasa.gov/search.jsp?R=19680001095 2020-03-16T16:38:46+00:00Z
SOLAR AND INTERPLANETARY MAGNETIC FIELDS AND PLASMAS 
* J o h n  M .  Wilcox 
Space S c i e n c e s  L a b o r a t o r y  
U n i v e r s i t y  o f  C a l i f o r n i a  
B e r k e l e y ,  C a l i f o r n i a  
A b s t r a c t  
A few r e c e n t  o b s e r v a t i o n s  o f  i n t e r p l a n e t a r y  f i e l d s  and  
p l a smas  are d i s c u s s e d ,  i n c l u d i n g  t h e  e v o l u t i o n  o v e r  s e v e r a l  
y e a r s  of t h e  l o n g i t u d i n a l  s e c t o r  p a t t e r n ,  t h e  c o r o t a t i n g  
f i l a m e n t a r y  s t r u c t u r e  t h a t  ex i s t s  w i t h i n  t h e  sectors ,  g u i d i n g  
of s o l a r  cosmic r a y s  a l o n g  such  m a g n e t i c  f i l a m e n t s ,  a f i e l d -  
a l i g n e d  t h e r m a l  a n i s o t r o p y  of t h e  p l a sma ,  and  a small component 
of c o r o t a t i n g  plasma v e l o c i t y  o b s e r v e d  a t  1 . A . U .  The so l a r  wind 
p l a sma  s t r e a m i n g  p a s t  s p a c e c r a f t  n e a r  1 A.U. c o n t a i n s  a l a r g e  
amolnt o f  i n f o r m a t i o n  a b o u t  t h e  d e t a i l e d  s t r u c t u r e  o f  t h e  s u n .  
I n t r o d u c t i o n  
The u s e  o f  s a t e l l i t e s  and s p a c e  p r o b e s  i n  t h e  l a s t  few 
y e a r s  t o  make i n  s i t u  o b s e r v a t i o n s  o f  i n t e r p l a n e t a r y  m a g n e t i c  
f i e l d s  and p l a smas  has  produced  s i g n i f i c a n t  new i n f o r m a t i o n  
a b o u t  t h e  e x t e n d e d  so l a r  co rona .  Hydrodynamic e x p a n s i o n  o f  t h e  
c o r o n a  w i t h  a c o n c o m i t a n t  e x t e n s i o n  of t h e  so la r  m a g n e t i c  f i e l d  
w a s  d i s c u s s e d  t h e o r e t i c a l l y  by E.N . P a r k e r  (1963 1, and v e r i f i e d  
i n  1 9 6 2  by t h e  M a r i n e r  2 s p a c e c r a f t  on i t s  f l i g h t  t o  Venus. 
The v e l o c i t y  o f  t h e  expand ing  so l a r  p la sma  (eolar wind)  i s  
a p p r o x i m a t e l y  r a d i a l  w i t h  a magni tude  n e a r  1 A.U. o f  350-400 
km/sec  i n  q u i e t  times, i n c r e a s i n g  t o  6 0 0 - 7 0 0  km/sec  i n  d i s t u r b e d  
i n t e r v a l s .  The f l u x  i s  a b o u t  l o 9  i o n s / c m  /sec w i t h  t h e  p r i n -  
c i p a l  p o s i t i v e  i o n i c  component b e i n g  p r o t o n s  w i t h  an  e n e r g y  of 
2 
*This  p a p e r  was p r e p a r e d  w h i l e  t h e  a u t h o r  was a g u e s t  a t  t he  
D i v i s i o n  of Plasma P h y s i c s ,  The Royal  I n s t i t u t e  of Techno logy ,  
S tockholm,  Sweden. 
2 .  
a b o u t  1 k e v .  A v a r y i n g  a d m i x t u r e  of a l p h a  p a r t i c l e s  is  p r e s e n t  
w i t h  t h e  a v e r a g e  c o n c e n t r a t i o n  a b o u t  5 % .  
The c m b i n a t i n ? !  nf radia l  plasma v e l n c i t y  snd solar rotation 
s t r e t c h e s  t h e  i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  i n t o  a n  Archimedes 
s p i r a l  making a n  a n g l e  n e a r  t h e  e a r t h  of a b o u t  45O w i t h  t h e  
e a r t h - s u n  d i r e c t i o n .  The f i e l d  n e a r  t h e  e a r t h  i s  a p p r o x i m a t e l y  
p a r a l l e l  t o  t h e  e c l i p t i c ,  and  i t s  a v e r a g e  magni tude  i s  a b o u t  
6 y  (6x10’’ g a u s s ) ,  w i t h  a r a n g e  from 2~ 
v a l u e s  u s u a l l y  occurr ing d u r i n g  f l a r e - a s s o c i a t e d  d i s t u r b a n c e s .  
t o  a b o u t  ~ O Y ,  t h e  l a r p e r  
E v o l u t i o n  of S e c t o r  S t r u c t u r e  
T h i s  r e v i e w  of new o b s e r v a t i o n s  w i l l  b e g i n  w i t h  a l a r g e -  
scale p r o p e r t y  of t h e  i n t e r p l a n e t a r y  medium, and  t h e n  p r o c e e d  
t o  smaller-scale s t r u c t u r e s .  I n  a c c o r d  w i t h  t h e  p u r p o s e  of 
t h i s  symposium o n l y  a f e w  r e c e n t  o b s e r v a t i o n s  are  d i s c u s s e d ;  
a c o m p l e t e  s u r v e y  i s  n o t  a t t e m p t e d  ( f o r  a r e c e n t  r e v i e w  see 
Ness, 1967 1. An u n e x p e c t e d  p r o p e r t y  of t h e  i n t e r p l a n e t a r y  
m a g n e t i c  f i e l d  i s  shown in F i g u r e  1, which g i v e s  t h e  predominant  
p o l a r i t y  (toward o r  away from the  s u n )  of t h e  f i e l d  o b s e r v e d  
b y  IMP-1 d u r i n g  t h e  w i n t e r  of  1963-4. F o r  s e v e r a l  c o n s e c u t i v e  
d a y s  t h e  f i e l d  p o l a r i t y  remains  u n i d i r e c t i o n a l .  The sec tor  
p a t t e r n  t h u s  d e f i n e d  c o r o t a t e s  w i t h  t h e  s u n ,  i .e .  t h e  p a t t e r n  
t e n d s  t o  r e p e a t  i t s e l f  e v e r y  27 d a y s .  C o n s i d e r a b l e  e v i d e n c e  
(Wilcox  a n d  Ness, 1 9 6 5 )  s u g g e s t s  t h a t  e a c h  s e c t o r  so  d e f i n e d  
was a c o h e r e n t  e n t i t y ,  w i t h  p l a s m a  v e l o c i t y  a n d  f i e l d  magni tude  
r e a c h i n g  maxima i n  t h e  p r e c e d i n g  p o r t i o n  a n d  d e c l i n i n g  i n  t h e  
f o l l o w i n g  p o r t i o n .  O b s e r v a t i o n s  from M a r i n e r  2 h a d  p r e v i o u s l y  
shown a p a t t e r n  of r e c u r r i n g - m a x i m a  i n  t h e  s o l a r  wind v e l o c i t y  
(see F i g u r e  2 ) ;  t h e  f i e l d  a t  t h a t  t i m e  w a s  d i v i d e d  i n t o  t w o  
sectors p e r  s o l a r  r o t a t i o n .  I t  s h o u l d  be emphas ized  t h a t  i t  i s  
t h e  p a t t e r n  of f i e l d  and  plasma s t r u c t u r e s  t h a t  t e n d s  t o  c o r o -  
t a t e  w i t h  t h e  s u n ;  t h e  a c t u a l  mot ion  of t h e  plasma is a p p r o x i -  
m a t e l y  i n  t h e  r ad ia l  d i r e c t i o n .  
The e v o l u t i o n  of t h e  i n t e r p l a n e t a r y  sec tor  p a t t e r n  d u r i n g  
s e v e r a l  y e a r s  i s  shown i n  F i g u r e  3. The M a r i n e r  2 a n d  IMP-1 
p a t t e r n s  p r e v i o u s l y  ment ioned  can be s e e n ,  as w e l l  as observa- 
t i o n s  by  s e v e r a l  l a t e r  s p a c e c r a f t .  Near t h e  end of 1964 IMP-2 
observed almost t h e  same p a t t e r n  as t h a t  of IMP-1, a n d  t h e  
3 .  
i n t e r p c l a t i a n  indicated i n  F i g u r e  3 is  based on t h i s  f a c t ,  p l u s  
t h e  o b s e r v e d  s e q u e n c e s  of r e c u r r i n g  geomagne t i c  a c t i v i t y .  I t  is  
i n t e r e s t i n g  t h a t  i n d e p e n d e n t  cosmic r a y  o b s e r v a t i o n s  by t h e  
Vela s a t e l l i t e s  ( A s b r i d g e  e t  a 1 . , 1 9 6 7 )  i n  t h e  m i d d l e  o f  1 9 6 4  
a l s o  l e d  t o  t h e  c o n c l u s i o n  t h a t  t h e  IMP-1 s ec to r  p a t t e r n  w a s  
e s s e n t i a l l y  unchanged a t  t h a t  t i m e .  
The s ec to r  p a t t e r n  shown i n  F i g u r e  3 a p p e a r s  t o  be dominated  
by t h e  o l d  s u n s p o t  c y c l e  u p  t o  t h e  e n d  o f  1 9 6 4  and  t h e  b e g i n n i n g  
of 1965 ,  and  by t h e  new c y c l e  t h e r e a f t e r .  Character is t ics  of 
t h e  o l d  c y c l e  p a t t e r n  i n c l u d e  a q u a s i - s t a t i o n a r y  s t r u c t u r e  for 
a t  l eas t  one y e a r ,  and  a r e c u r r e n c e  i n t e r v a l  of 2 7  d a y s .  Com- 
p a r i s o n  of t h i s  p a t t e r n  w i t h  t h e  d i r e c t i o n  o f  p h o t o s p h e r i c  
m a g n e t i c  f i e l d s  has  s u g g e s t e d  t h a t  t h e  a v e r a g e  h e l i o g r a p h i c  
l a t i t u d e  of t h e  i n t e r p l a n e t a r y  f i e l d  o b s e r v e d  n e a r  t h e  e a r t h  
w a s  a b o u t  15O N (Wilcox  and  Ness, 1 9 6 7 ) .  T h i s  i s  p resumab ly  
r e l a t e d  t o  t h e  o v e r a l l  predominance o f  n o r t h e r n  h e m i s p h e r i c  
so l a r  a c t i v i t y  a t  t h i s  t i m e .  Character is t ics  of t h e  new cyc le  
s ec to r  p a t t e r n  i n c l u d e  a more r a p i d  e v o l u t i o n  w i t h  t i m e ,  and  
a r e c u r r e n c e  i n t e r v a l  of a b o u t  2 8  d a y s .  T h i s  p r o b a b l y  i n d i c a t e s  
a s o u r c e  a t  a h e l i o g r a p h i c  l a t i t u d e  e v e n  h i g h e r  t h a n  d i s c u s s e d  
a b o v e ,  which might  be re la ted t o  t h e  a p p e a r a n c e  of new c y c l e  
a c t i v i t y  a t  h i g h e r  h e l i o g r a p h i c  l a t i t u d e s .  Al though t h e  e v o l u -  
t i o n  w i t h  t i m e  i s  more r a p i d  it i s  i n t e r e s t i n g  t h a t  s o  f a r  a t  
l eas t  d u r i n g  t h e  i n c r e a s e  o f  solar  a c t i v i t y  t h e  s e c t o r  p r o p e r t y  
has  p e r s i s t e d ,  i .e .  f o r  s e v e r a l  c o n s e c u t i v e  d a y s  t h e  f i e l d  p o l a -  
r i t y  i s  u n i d i r e c t i o n a l .  
The s i g n i f i c a n c e  of t h e  o b s e r v e d  i n t e r p l a n e t a r y  s e c t o r  
s t r u c t u r e  as a p o s s i b l e  i n d i c a t o r  of a f u n d a m e n t a l  l a r g e  scale  
so l a r  o r g a n i z a t i o n  c a n n o t  y e t  be e v a l u a t e d .  It  seems p o s s i b l e  
t h a t  a l t h o u g h  i n d i v i d u a l  p h o t o s p h e r i c  f i e l d  e l e m e n t s  a t  v a r i o u s  
l a t i t u d e s  r e s p o n d  t o  t h e  d i f f e r e n t i a l  r o t a t i o n  as would be 
e x p e c t e d  ( a n d  as t h e y  have  been o b s e r v e d  t o  do by Wilcox and  
Ness, 1 9 6 6 )  an u n d e r l y i n g  p a t t e r n  of t h e  a p p e a r a n c e  of pho to -  
s p h e r i c  m a g n e t i c  r e g i o n s  e x i s t s  f o r  a t  least  s e v e r a l  y e a r s  and  
i s  related t o  t h e  i n t e r p l a n e t a r y  p a t t e r n  shown i n  F i g u r e  3 .  
A r e l a t ed  p o s s i b i l i t y  has  been s u g g e s t e d  by Dodson-Prince and  
Hedeman (1967)  from a s t u d y  of centers of a c t i v i t y ;  t h e y  a lso 
- 
4. 
s ~ g g e s t  t h a t  the teiideiicji f o r  a c t i v e  r e g i o n s  t o  d e v e l o p  On 
o p p o s i t e  s i d e s  of t h e  s u n  a p p r o x i m a t e l y  180' away may be s i g n i -  
f i c a n t  . 
S o l a r  C o s m i c  Rays 
S e v e r a l  s p a c e c r a f t  o b s e r v a t i o n s  o f  e n e r g e t i c  p a r t i c l e s  
h a v e  been  i n t e r p r e t e d  i n  r e l a t i o n  t o  t h e  i n t e r p l a n e t a r y  m a g n e t i c  
f i e l d s .  O b s e r v a t i o n s  shown i n  F i g u r e  4 by J.A.Simpson and 
c o l l e a g u e s  on IMP-1 showed t h a t  a r e c u r r i n g  stream of  p r o t o n s  
of a b o u t  1 Mev e n e r g y  were c o n t a i n e d  w i t h i n  one o f  t h e  sec tors  
shown i n  F i g u r e  1. The p ro ton  i n t e n s i t y  f o l l o w e d  t h e  u s u a l  
sec tor  s t r u c t u r e  of a maximum i n  t h e  p r e c e d i n g  p o r t i o n  o f  t h e  
s ec to r  and a d e c l i n e  i n  t h e  f o l l o w i n g  p o r t i o n .  U n d e r s t a n d i n g  
t h e  p h y s i c a l  p r o c e s s e s  which have  p o p u l a t e d  t h i s  one s e c t o r  
w i t h  a n  a p p r e c i a b l e  i n t e n s i t y  of r e c u r r i n g  e n e r g e t i c  p r o t o n s  
i s  s u r e l y  one of t h e  most c h a l l e n g i n g  problems f o r  s o l a r  p h y s i c s .  
Our knowledge of t h e  s o - c a l l e d  s o l a r  cosmic  r a y s  h a s  been  
c o n s i d e r a b l y  i n c r e a s e d  by t h e  e l e g a n t  e x p e r i m e n t s  of McCracken 
a n d  c o l l e a g u e s  on P i o n e e r s  6 and  7 i n  1 9 6 6 .  D i r e c t i o n a l  pro-  
p e r t i e s  of t h e  cosmic r a d i a t i o n  have  been i n v e s t i g a t e d  u t i l i z i n g  
a d e t e c t o r  t h a t  r o t a t e s  w i t h  t h e  s p i n n i n g  s p a c e c r a f t ,  whose 
a x i s  i s  p e r p e n d i c u l a r  t o  t h e  e c l i p t i c .  The d e t e c t o r  r e s p o n d s  
p r i m a r i l y  t o  p a r t i c l e s  whose mot ion  i s  a p p r o x i m a t e l y  p a r a l l e l  
t o  t h e  e c l i p t i c .  The f i r s t  p a r t i c l e s  t o  r e a c h  t h e  s p a c e c r a f t  
from a so la r  f l a r e  are o f t e n  v e r y  much g u i d e d  a l o n g  t h e  i n t e r -  
p l a n e t a r y  f i e l d  l i n e s ,  so t h a t  t h e  o b s e r v e d  d i s t r i b u t i o n  i s  
q u i t e  a n i s o t r o p i c ,  as shown i n  F i g u r e  5 ,  which shows t h e  i n t e n -  
s i t y  of cosmic  r a y s  i n  t h e  e n e r g y  i n t e r v a l  7.5-45 Mev o b s e r v e d  
a f t e r  t h r e e  f l a r e s .  I f  t h e  f l a r e  p o s i t i o n  i s  n e a r  t h e  m i d d l e  
of t h e  w e s t e r n  h e m i s p h e r e  of t h e  v i s i b l e  d i s k  t h e  p a r t i c l e s  
t e n d  t o  have  a r a p i d  s u n - e a r t h  t r a n s i t .  If t h e  f l a r e  i s  i n  t h e  
e a s t e r n  hemisphe re  t h e  p a r t i c l e s  t e n d  t o  a r r i v e  a f t e r  a con- 
s i d e r a b l y  l o n g e r  d e l a y .  McCracken e t  a l .  ( 1 9 6 7 )  i n t e r p r e t  t h i s  
as b e i n g  c a u s e d  by l o n g i t u d i n a l  d i f f u s i o n  of t h e  f l a r e  p a r t i c l e s  
close t o  t h e  s u n ,  u n t i l  t h e y  r e a c h  t h e  m a g n e t i c  l i n e s  t h a t  
c o n n e c t  t o  t h e  s p a c e c r a f t  and  p r o p a g a t e  r a p i d l y  a l o n g  them. The 
-- 
5. 
mean free p a t h  f o r  s c a t t e r i n g  i n  t h e  e x t e n d e d  i n t e r p l a n e t a r y  
medium is  est imated a t  1 A.U. by McCracken e t  a l .  (19671,  a n d  
t h e y  s u g g e s t  t h a t  e a r l i e r  d i s c u s s i o n s  o f  d i f f u s i o n  i n  t h i s  
medium may n e e d  t o  be re-exar?.ined. 
-- 
The g u i d i n g  of s o l a r  cosmic  r a y s  by t h e  i n t e r p l a n e t a r y  
m a g n e t i c  f i e l d  h a s  been  d e m o n s t r a t e d  by  McCracken a n d  Ness 
(19661,  as shown i n  F i g u r e  6 ,  which compares  P i o n e e r  6 o b s e r -  
v a t i o n s  of t h e  f i e l d  d i r e c t i o n  w i t h  t h e  d i r e c t i o n  o f  cosmic 
r a y  a n i s o t r o p y .  The f i e l d  d i r e c t i o n  o b s e r v e d  d u r i n g  f o u r  h o u r s  
i s  shown as t h e  c o n t i n u o u s  l i n e ,  w h i l e  t h e  s u p e r p o s e d  arrows 
i n d i c a t e  t h e  d i r e c t i o n  o f  cosmic r a y  a n i s o t r o p y  ( t h e  d i r e c t i o n  
f rom which t h e  maximum f l u x  i s  i n c i d e n t  on t h e  d e t e c t o r ) .  The 
g u i d i n g  of t h e  cosmic r a y s  a round s e v e r a l  s h a r p  bends  i n  t h e  
f i e l d  i s  o b v i o u s .  I t  i s  o f t e n  o b s e r v e d  t h a t  when t h e  f i e l d  
d i r e c t i o n  h a s  a n  a b r u p t  change ,  t h e  cosmic r a y  f l u x  may a b r u p t l y  
i n c r e a s e  o r  d e c r e a s e .  T h i s  l e a d s  t o  t h e  c o n c e p t  of d i s c r e t e  
f i l a m e n t s  o f  m a g n e t i c  f l u x  t h a t  e x t e n d  from r e g i o n s  v e r y  c lose 
t o  t h e  s u n  o u t  t o  1 A . U .  (and beyond) .  S i m u l t a n e o u s  o b s e r v a t i o n s  
from two s p a c e c r a f t  a t  d i f f e r e n t  l o n g i t u d e s  by Ness ( 1 9 6 6 )  h a v e  
shown t h a t  t h e s e  f i l a m e n t s  c o r o t a t e  w i t h  t h e  s u n  i n  t h e  same 
way as d o  t h e  s e c t o r s  p r e v i o u s l y  d i s c u s s e d .  The c ros s  s e c t i o n  
of t h e s e  f i l a m e n t s  i s  t y p i c a l l y  i n  t h e  r a n g e  o f  0 . 6 - 5 ~ 1 0 ~  km. 
Thus a t  l eas t  a t  t i m e s  t h e r e  may be a d e t a i l e d  mapping o f  s m a l l -  
scale f e a t u r e s  close t o  t h e  s u n  o n t o  a s p h e r e  of r a d i u s  1 A.U. 
The s t u d y  of t h e  s u n  t h r o u g h  o b s e r v a t i o n s  o f  i n t e r p l a n e t a r y  
f i e l d s  a n d  p l a s m a s  b y  s p a c e c r a f t  a t  1 A.U. c a n  p e r h a p s  be  com- 
p a r e d  w i t h  a f i e l d - e m i s s i o n  m i c r o s c o p e ,  i n  which t h e  s t r u c t u r e  
o f  f i e l d - i n d u c e d  e m i s s i o n  from a m i c r o s c o p i c  p o i n t  i s  m a e n i f i e d  
o n t o  a l a r g e  c o n c e n t r i c  o b s e r v i n g  s p h e r e .  
S o l a r  Wind P l a s m a  
Recent  o b s e r v a t i o n s  i n  t h e  Vela s a t e l l i t e  program by the  
Los A l a m o s  g r o u p  h a v e  y i e l d e d  i m p o r t a n t  new i n f o r m a t i o n  a b o u t  
the so lar  wind plasma.  T h e s e  s a t e l l i t e s  are  i n  c i r c u l a r  o r b i t s  
a b o u t  t h e  e a r t h  a t  a d i s t a n c e  of 1 8  e a r t h  r a d i i ,  a n d  s p e n d  a b o u t  
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o n e  t h i r d  of each o r b i t  o u t s i d e  t h e  magnetosphere  a n d  magneto- 
s h e a t h .  A h e m i s p h e r i c a l  p l a t e  e l e c t r o s t a t i c  a n a l y s e r  makes 
de t a i l ed  measurements  of t he  i n c i d e n t  c h a r p e d  p a r t i c l e  f l u x .  
F i g u r e  7 shows a t y p i c a l  s p e c t r u m  a n d  a n g u l a r  d i s t r i b u t i o n .  
The l a r g e  peak i n  t h e  s p e c t r u m  i s  t h e  almost m o n o e n e r p e t i c  
stream of p r o t o n s  w i t h  e n e r g y  of s l i g h t l y  l e s s  t h a n  1 kev.  The  
s m a l l  peak a t  t h e  r i g h t  i s  a t t r i b u t e d  t o  a l p h a  p a r t i c l e s  h a v i n g  
t h e  same s t r e a m i n g  v e l o c i t y  a s  t h e  p r o t o n s  a n d  t h e r e f o r e  twice 
t h e  e n e r g y  p e r  u n i t  c h a r g e .  The a n g u l a r  d i s t r i b u t i o n  shows t h a t  
t h e  p a r t i c l e s  are  coming n o t  q u i t e  f rom t h e  s u n  b u t  r a t h e r  f rom 
a f e w  d e g r e e s  ea s t  of it. S i n c e  t h e  peaks  i n  F i g u r e  7 have a 
f i n i t e  w i d t h  i t  i s  c l e a r  t h a t  i n  a d d i t i o n  t o  t h e  s t r e a m i n ?  
e n e r g y  of t h e  plasma t h e r e  ex is t s  a random e n e r g y ,  w h i c h  i s  
o f t e n  d e s c r i b e d  i n  t e r m s  of a " t e m p e r a t u r e " ,  whose v a l u e  has  
r a n g e d  from a b o u t  5x103 OK t o  a f e w  t i m e s  l o 5  OK, w i t h  a normal  
p r o t o n  t e m p e r a t u r e  of a few times lo4 OK ( S t r o n g  e t  -- al . ,1966) .  
A c o m p l e t e  measurement o f  f l u x  as a f u n c t i o n  o f  e n e r g y  and  a n g l e  
is  p e r f o r m e d  i n  a b o u t  f o u r  m i n u t e s ,  a n d  a t y p i c a l  r e s u l t  i s  
p r e s e n t e d  i n  F i g u r e  8 .  C o n t o u r s  of o b s e r v e d  p a r t i c l e  f l u x  are  
shown as a f u n c t i o n  of two v e l o c i t i e s ;  t h e  a b s c i s s a  i s  t h e  
r a d i a l  v e l o c i t y  V, from t h e  s u n  a n d  t h e  o r d i n a t e  i s  a v e l o c i t y  
p e r p e n d i c u l a r  t o  bo th  V, 
is  t i p p e d  by 55' t o  t h e  e c l i p t i c .  The arrow shows t h e  d i r e c t i o n  
of t h e  i n t e r p l a n e t a r y  magnet ic  f i e  I d  s i m u l t a n e o u s  1 y measured  
on t h e  n e a r - b y  IMP-3 s a t e l l i t e .  
and  t o  t h e  s p a c e c r a f t  s p i n  a x i s ,  which 
The c o n t o u r s  i n  F i g u r e  8 d e p a r t  from i s o t r o p y  i n  t w o  ways.  
F i r s t ,  t h e  t e m p e r a t u r e  p a r a l l e l  t o  t h e  f i e l d  i s  c o n s i d e r a b l y  
l a r g e r  t h a n  t h e  t r a n s v e r s e  t e m p e r a t u r e ,  t h e  r a t i o  b e i n g  a b o u t  
3 i n  F i g u r e  8 ,  which is a t y p i c a l  v a l u e .  Second,  t h e  t e m p e r a t u r e  
( 9 . 2 ~ 1 0  K) a l o n g  t h e  f i e l d  i n  t h e  d i r e c t i o n  away from t h e  s u n  
i s  l a r g e r  t h a n  i n  t h e  f i e l d  d i r e c t i o n  t o w a r d  t h e  s u n  ( t h i s  i s  
o b s e r v e d  t o  be t r u e  i n d e p e n d e n t  of w h e t h e r  t h e  p o l a r i t y  of t h e  
f i e l d  l i n e s  i s  toward o r  a w a y  from t h e  s u n ) .  Thus t h e  s o l a r  
wind p r o t o n s  are t r a n s p o r t i n g  h e a t  away f rom t h e  s u n  a t  a rate 
which is  e s t i m a t e d  a t  a b o u t  10'' e r g s / c m  /sec. A s imi l a r  h e a t  
t r a n s p o r t  by  e l e c t r o n s  would be  e x p e c t e d  t o  b e  s e v e r a l  o r d e r s  
of m a g n i t u d e  l a r g e r .  
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The p e r s i s t e n c e  of the a l i p m e i i t  be'lween t h e  p iasma 
a n i s o t r o p y  d i r e c t i o n  a n d  t h e  f i e l d  d i r e c t i o n  d u r i n g  a p e r i o d  
of s i x  h o u r s  i s  shown i n  F i g u r e  9 .  The a b r u p t  change  i n  
d i r e c t i o n  a t  i b O O  U T  p r o b a b l y  r e p r e s e n t s  t h e  a p p e a r a n c e  o f  a n  
i n t e r p l a n e t a r y  f i l a m e n t  o f  t h e  s o r t  d i s c u s s e d  p r e v i o u s l y  i n  
c o n n e c t i o n  w i t h  t h e  cosmic r a y  o b s e r v a t i o n s  of McCracken a n d  
Ness ( 1 9 6 6 ) .  I t  is  w o r t h  n o t i n g  t h a t  d u r i n E  t h e  p a s s a g e  of 
t h i s  f i l a m e n t  p a s t  t h e  s a t e l l i t e  t h e r e  was n o  s i p n i f i c a n t  
change  i n  a n y  o f  t h e  u s u a l  plasma p a r a m e t e r s  (mean v e l o c i t y ,  
d e n s i t y ,  t e m p e r a t u r e  a n d  a l p h a / p r o t o n  d e n s i t y  r a t i o ) .  Only t h e  
o r i e n t a t i o n  of t h e  a n i s o t r o p i c  t e m p e r a t u r e  d i s t r i b u t i o n  and 
t h e  f i e l a  d i r e c t i o n  changed  d u r i n g  t h e  p a s s a g e  o f  t h i s  f i l a m e n t  
(Hundhausen e t  a l . ,  1 9 6 7 b ) .  --
S o l a r  Wind Azimutha l  V e l o c i t y  
The s o l a r  b n d  a n g u l a r  d i s t r i b u t i o n  i n  F i g u r e  7 shows 
t h a t  t h e  so la r  wind w a s  coming from a d i r e c t i o n  a f e w  d e g r e e s  
east  of t h e  s u n .  I n d i v i d u a l  o b s e r v a t i o n s  show l o n g i t u d i n a l  
a e v i a t i o n s  from r a d i a l  plasma f l o w  o v e r  a r a n g e  o f  a b o u t  + l o  , 
b u t  t h e  a v e r a g e  l o n g i t u d i n a l  p l a s m a  v e l o c i t y  ( i n  t h e  d i r e c t i o n  
of c o r o t a t i o n  w i t h  t h e  s u n )  i s  observed  t o  be a b o u t  1 0  km/sec  
( S t r o n g  e t  a l . , L 9 6 7 ) .  T h i s  is c o n s i s t e n t  w i t h  t h e  a n a l y s i s  b y  
Brandt  ( 1 9 6 7 a )  of t h e  o r i e n t a t i o n  of i o n i z e d  c o m e t a r y  t a i l s .  
Sucn v a l u e s  f o r  t h e  s o l a r  wind l o n g i t u d i n a l  plasma v e l o c i t y  a t  
1 A.U. s u g g e s t  t h a t  c o r o t a t i o n  of t h e  e x t e n d e d  c o r o n a l  plasma 
( t h i s  must be c l e a r l y  d i s t i n g u i s h e d  f rom t h e  c o r o t a t i o n  o f  
m a g n e t i c  p a t t e r n s  p r e v i o u s l y  d i s c u s s e d  i n  t h i s  p a p e r )  e x t e n d s  
t o  g r e a t e r  d i s t a n c e s  t h a n  h a d  p r e v i o u s l y  been c o n s i d e r e d .  Dicke  
(1964) h a s  shown t h a t  t h e  loss o f  a n g u l a r  momentum by t h e  s u n  
t o  t h e  s o l a r  wind can  be  computed on t h e  b a s i s  of r i g i d  c o r o t a -  
t i o n  o u t  t o  a r a d i u s  a t  which t h e  Alfve'n v e l o c i t y  based on t h e  
r a d i a l  component of t h e  f i e l d  i s  e q u a l  t o  t h e  s t r e a m i n g  v e l o c i t y .  
T h i s  i s  a formal s t a t e m e n t ;  i t  does n o t  mean t h a t  r i p i d  c o r o t a -  
t i o n  a c t u a l l y  e x i s t s  t o  t h i s  d i s t a n c e .  Dicke o b t a i n e d  a t y p i c a l  
v a l u e  of 35 s o l a r  r a d i i  f o r  t h i s  d i s t a n c e ,  which i s  c o n s i s t e n t  
w i t h  es t imates  by o t h e r  a u t h o r s  (Pneuman, 1 9 6 6 ;  Weber a n d  D a v i s ,  
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that the angular momentum loss i n  t he  s o l a r  wind c o u l d  be 
i m p o r t a n t  i n  t h e  s t r u c t u r e  and e v o l u t i o n  o f  t h e  s u n .  
Summary 
I n  summary, w e  now have  a p i c t u r e  of t h e  s t r e a m i n g  s o l a r  
wind  a t  1 A.U. c a r r y i n g  w i t h  it much d e t a i l e d  i n f o r m a t i o n  a b o u t  
t h e  s o l a r  s t r u c t u r e .  The i n t e r p l a n e t a r y  m a g n e t i c  f i e l d  i s  of 
c r u c i a l  i m p o r t a n c e  even  though i t s  e n e r g y  d e n s i t y  i s  a b o u t  
t w o  o r d e r s  o f  magni tude  l ess  t h a n  t h e  s t r e a m i n g  e n e r g y  d e n s i t y  
of t h e  p lasma.  The i n t e r p l a n e t a r y  s ec to r  s t r u c t u r e  i s  e v i d e n t  
i n  t h e  p o l a r i t y  p a t t e r n s  o f  t h e  f i e l d .  Thermal  a n i s o t r o p i e s  i n  
t h e  plasma are  f i e l d  a l i g n e d .  Cosmic r a y s  f rom l o c a l i z e d  r e p i o n s  
of t h e  so la r  a tmosphe re  are g u i d e d  t o  1 A.U. ( a n d  beyond)  by 
m a g n e t i c  f i l a m e n t s ,  whose p a t t e r n  c o r o t a t e s  w i t h  t h e  s u n .  The  
p lasma v e l o c i t y  a t  1 A.U. has  a small  component i n  t h e  d i r e c t i o n  
of c o r o t a t i o n ,  l e a d i n g  t o  i m p o r t a n t  c o n s e q u e n c e s  f o r  t h e  e x t e n t  
of c o r o t a t i o n  n e a r  t h e  s u n ,  t h e  l o s s  of a n g u l a r  momentum, and  
t h e  s t r u c t u r e  and  e v o l u t i o n  of t h e  s u n .  
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L o n g i t u d i n a l  s e c t o r  s r r u c t u r e  i n  t n e  i n t e r p l a n e t a r y  
medium o b s e r v e d  by IMP-1 i n  1963-4 (Wilcox  and Ness, 
1 9 6 5  1.  
S o l a r  wind plasma v e l o c i t y  and p r o t o n  number d e n s i t y  
o b s e r v e d  by Mar ine r  2 i n  1 9 6 2 ;  p l o t t e d  on a c a l e n d a r  
o f  Bartels 27-day s o l a r  r o t a t i o n s  t o  show r e c u r r e n c e  
p r o p e r t i e s  (Neugebauer  and  Snyder ,  1 9 6 6  1. 
E v o l u t i o n  of t h e  i n t e r p l a n e t a r y  s e c t o r  s t r u c t u r e  f rom 
1 9 6 2  t o  1 9 6 6 ,  o v e r l a y e d  on a 27-day c a l e n d a r  of  geo- 
m a g n e t i c  a c t i v i t y  f i g u r e  C 9 .  L i g h t  s h a d i n g  i s  f i e l d  
away f rom s u n ,  da rk  s h a d i n g  i s  t o w a r d ,  and c r o s s -  
h a t c h i n g  i s  o c c a s i o n a l  p e r i o d s  o f  mixed p o l a r i t y  
(Ness and Wilcox,  1 9 6 7 ) .  
R e c u r r e n t  streams o f  1 Mev p r o t o n s  o b s e r v e d  by J . A .  
Simpson on IMP-1 t e n d  t o  be c o n t a i n e d  w i t h i n  a s i n g l e  
sector  o f  t h e  s t r u c t u r e  shown i n  F i g u r e  1. Three  
27-day s o l a r  r o t a t i o n s  are shown (Wilcox  a n a  Ness, 
1 9 6 5 ) .  
Onse t  c h a r a c t e r i s t i c s  of t h r e e  f l a r e  e f f e c t s  i n  qua-  
d r a n t s  l o o k i n g  toward  t h e  s u n  and away f o r  e n e r g y  
r a n g e  7.5-45 M e V ,  o b s e r v e d  on P i o n e e r s  6 and 7 
(McCracken, e t  a l . ,  1 9 6 7 ) .  
Comparison o f  d i r e c t i o n  o f  i n t e r p l a n e t a r y  m a g n e t i c  
f i e l d  and d i r e c t i o n  o f  a r r i v a l  of  maximum cosmic 
r a y  f l u x  (McCracken and Ness, 1 9 6 6 ) .  
T y p i c a l  Vela 3 s p e c t r u m  ( c o u n t s  v e r s u s  e n e r g y  p e r  
u n i t  c h a r g e  i n  a f i x e d  d i r e c t i o n )  and  t h e  a s s o c i a t e d  
a n g u l a r  a i s t r i b u t i o n  ( c o u n t s  v e r s u s  d i r e c t i o n  a t  a 
f i x e d  e n e r g y  p e r  u n i t  c h a r g e ) .  The d i r e c t i o n  away 
from t h e  s u n  i s  l a b e l e d  180°,  and  t h e  peak i s  a few 
d e g r e e s  east  of t h i s  (Hundhausen,  e t  a l . ,  1 9 6 7 a ) .  
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F i g u r e  8 T y p i c a l  Vela 3 c o n t o u r  map of p r o t o n  v e l o c i t y  
d i s t r i b u t i o n  i n  t h e  r a d i a l  d i r e c t i o n  f rom t h e  s u n  
( a b s c i s s a )  and  i n  a norma l  d i r e c t i o n  ( o r d i n a t e ) .  
The arrow i s  t h e  f i e l d  d i r e c t i o n  s i m u l t a n e o u s l y  
measured  on t h e  n e a r b y  IMP-3 s a t e l l i t e  (Hundhausen 
e t  a l . ,  1967b) .  -- 
F i g u r e  9 The m a g n e t i c  f i e l d  d i r e c t i o n  measured  on IMP-3 and 
t h e  d i r e c t i o n  of maximum plasma t h e r m a l  a n i s o t r o p y  
measured  on Vela 3 (Hundhausen e t  a l . ,  1967b). 
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